We report that in a β-Mn-type chiral magnet Co 9 Zn 9 Mn 2 , skyrmions are realized as a metastable state over a wide temperature range, including room temperature, via field-cooling through the thermodynamic equilibrium skyrmion phase that exists below a transition temperature T c ∼ 400 K. The once-created metastable skyrmions survive at zero magnetic field both at and above room temperature. Such robust skyrmions in a wide temperature and magnetic field region demonstrate the key role of topology, and provide a significant step toward technological applications of skyrmions in bulk chiral magnets. 75.30.Kz * These authors equally contributed to this work 2 Topological states are in general endowed with robustness against disturbances, such as quenched disorder and thermal agitation, since they cannot be converted into a state with different topology through a continuous deformation process. A magnetic skyrmion, a vortex-like spin swirling structure, is one such example of a topological object in magnets, and can be viewed as a particle which is characterized by an integer termed the skyrmion number [1] [2] [3] [4] . Recent extensive studies have clarified that skyrmions are indeed stable to some extent due to their topological nature and exhibit a rich variety of emergent phenomena. In addition, they can be manipulated with a current density of ∼ 10 6 Am −2 , which is 5 -6 orders of magnitude smaller than that required to drive ferromagnetic domain walls, making them promising for spintronics applications [5] [6] [7] [8] [9] . Various kinds of magnets have been found to host skyrmions [3, 4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and their origins are attributed to several microscopic mechanisms.
Topological states are in general endowed with robustness against disturbances, such as quenched disorder and thermal agitation, since they cannot be converted into a state with different topology through a continuous deformation process. A magnetic skyrmion, a vortex-like spin swirling structure, is one such example of a topological object in magnets, and can be viewed as a particle which is characterized by an integer termed the skyrmion number [1] [2] [3] [4] . Recent extensive studies have clarified that skyrmions are indeed stable to some extent due to their topological nature and exhibit a rich variety of emergent phenomena. In addition, they can be manipulated with a current density of ∼ 10 6 Am −2 , which is 5 -6 orders of magnitude smaller than that required to drive ferromagnetic domain walls, making them promising for spintronics applications [5] [6] [7] [8] [9] . Various kinds of magnets have been found to host skyrmions [3, 4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and their origins are attributed to several microscopic mechanisms.
One representative mechanism is a competition between a ferromagnetic exchange interaction and a Dzyaloshinskii-Moriya interaction (DMI), the latter of which arises from broken inversion symmetry either at hetero-interfaces [10-13, 21, 22] or in bulk materials [3, 4, [15] [16] [17] [18] [19] [20] with chiral or polar structures. For example, the interfacial DMI gives rise to skyrmions in ferromagnetic ultrathin multilayer films at low temperatures [10, 11] and even at room temperature [12, 13] . On the other hand, skyrmions in bulk materials have been investigated in structurally-chiral magnets such as B20-type compounds (e.g. MnSi [3] , Fe 1−x Co x Si [4, 16] , FeGe [17] ) and Cu 2 OSeO 3 [18, 19] . In zero magnetic field, these compounds exhibit a longperiod helical magnetic state, described by a single magnetic modulation vector (q-vector), as a ground state. Slightly below the helimagnetic transition temperature T c , application of a magnetic field induces the topological transition to a triangular-lattice skyrmion crystal (SkX) state (left of Fig. 1(a) ), where the magnetic lattice is often described by triple q-vectors that are rotated by 120
• with respect to each other and perpendicular to the magnetic field. In bulk, the thermodynamical equilibrium SkX state is confined to a narrow temperature and magnetic field region just below T c , and helical or conical states with zero topological charge are the thermodynamically most stable states at lower temperatures.
However, it is necessary to create skyrmions in a wider temperature and magnetic field region including room temperature and zero magnetic field for both fundamental investigations and practical applications.
Recently, skyrmions have been found as an equilibrium state at and above room temper-ature in bulk Co-Zn-Mn alloys [20] with the β-Mn-type chiral crystal structure (space group: P 4 1 32 or P 4 3 32) [23, 24] . Mn-free Co 10 Zn 10 shows a helical state below T c ∼ 480 K, and Fig. 1(a) ) at low temperatures in the metastable state [25, 26] . Despite these advances, skyrmions prevailing in a wide range of temperature and magnetic field, including above room temperature and zero field, remain to be demonstrated in bulk chiral magnets.
In the present study, we focused on Co 9 Zn 9 Mn 2 (T c ∼ 400 K) and performed small angle neutron scattering (SANS) and ac susceptibility measurements on a bulk sample, and
Lorentz transmission electron microscopy (LTEM) measurement on a thin-plate specimen.
As summarized in the state diagram in Fig. 1(b) , we have succeeded in observing a highly robust metastable SkX for a wide temperature and magnetic field range including room temperature and zero magnetic field both in the bulk and thin-plate samples.
Single-crystalline bulk samples of Co 9 Zn 9 Mn 2 were grown by the Bridgman method as reported elsewhere [20, 25] . SANS measurements were performed with neutron wavelength 10Å using the instrument SANS-I at the Paul Scherrer Institute, Switzerland. Ac susceptibility measurements were performed by a superconducting quantum interference device magnetometer (MPMS3, Quantum Design) equipped with an ac susceptibility measurement option. LTEM observations were performed with a transmission electron microscope (JEM-2100F, JEOL). For all the measurements in this paper, a magnetic field was applied along
[110] direction of the crystal. Details of sample preparation and measurements are described S3 and S4), the 6-spot pattern is never observed for any temperature and magnetic field condition.
When, after the FC process, the magnetic field is decreased to zero while keeping the temperature at 300 K, the 6-spot pattern gradually changes to a 4-spot pattern. Here, the horizontal 2 spots are much broader than the vertical 2 spots, indicating that the broad horizontal spot is a superposition of the two original, now weaker spots, and a new, relatively stronger spot in between. From the rocking-scan data ( Supplementary Fig. S5 ), we found that these 2 broad horizontal spots lie on the plane perpendicular to the incident neutron As shown in Supplementary Fig. S6 , when the magnetic field is increased back to 0.04 T and then the temperature is increased while keeping the magnetic field at 0.04 T, the broad 4-spot pattern finally changes back to a broad 6-spot pattern at 375 K, well below the temperature region of the equilibrium SkX phase. This indicates that the metastable SkX undergoes the reversible transformation between triangular lattice and square-like lattice accompanied by a broad coexistence region and a large hysteresis, and demonstrates clearly that the metastable skyrmions persist at 300 K and zero field. The transition to a square-lattice SkX at low magnetic fields in the metastable state has been also observed in Co 8 Zn 8 Mn 4 [25] and MnSi [27] . This common SkX transformation can be qualitatively explained in terms of the overlapping of adjacent skyrmions due to the reduced peripheral region at low magnetic fields, as theoretically demonstrated [28] .
In the subsequent warming process (as indicated by a red arrow in Fig. 2 (a)) from 300 K while keeping the magnetic field zero, the metastable SkX with the 4-spot pattern survives up to at least 375 K, which is also clearly distinct from the SANS patterns in the ZFC process (Supplementary Figs. S3 and S5), and finally changes to the equilibrium helical state at 390
K. The temperature variation of the SANS intensity originating from metastable skyrmions is displayed in Fig. 2 (c).
We also confirmed that the metastable SkX at 300 K survives in the very wide magnetic field region up to the conical-ferromagnetic phase boundary and even down to the negative field region as shown in Fig increases at lower temperatures and finally the relaxation behavior is hardly observable at 350 K. In Fig. 3 (e), the estimated relaxation time τ is plotted against temperature and fitted to a modified Arrhenius law [29] . The activation energy of the decay rate τ −1 reaches as high as 10 4 K even at 350 K, well above room temperature. Remarkably, this protection energy scale for the metastable skyrmions is much higher than the other magnetic interaction energies, such as the ferromagnetic interaction and the DMI (several hundred K and several K, respectively, in the present case). The obtained coefficient of relaxation time τ 0 ∼ 47 s is 5 orders of magnitude longer than that in MnSi (τ 0 ∼ 10 −4 s) [29] . Since the critical cooling rate for quenching an equilibrium phase to lower temperatures is inversely correlated to τ 0 , the moderately slow cooling rate (∼ 1 K min [16, 30] with random site occupancy and a large skyrmion size (90 nm at x = 0.5), in which the origin may be the same as the present case.
We further confirmed the formation of skyrmions by real-space observation using LTEM on a (110) thin-plate sample with the thickness of ∼ 150 nm. As shown in Fig. 4(b 4(c) deduced by a transport-of-intensity equation analysis [31] . The metastable SkX survives even at negative fields at 290 K ( Supplementary Fig. S7 ). In the warming process, while keeping magnetic field zero, the triangular-lattice SkX survives up to at least 350 K and finally changes to the equilibrium helical state at 370 K.
In comparison with the SANS result, while the metastable SkX is commonly observed irrespective of the sample thickness, both the preferred q-vector alignments of helical states and the lattice forms of skyrmions at zero field are different between bulk and thin-plate samples. These differences arise presumably from shape anisotropy, namely, significant dipole interactions in the thin-plate sample. In this case the dipole interaction effectively works as a repulsive force among skyrmions, tending to preserve the close packed triangular lattice, and thereby preventing the SkX lattice transformation in the case of the thin-plate sample. Magnetocrystalline anisotropy tends to favor magnetic moment directions along
[100] and its equivalent [24] , thus giving rise to the preferred q-vector direction along ac susceptibility measurements in field-increasing runs after ZFC from 400 K to the measurement temperature (see Supplementary Fig. S2 ). The boundaries of the metastable SkX state (yellow area) denoted with open symbols are determined from isothermal ac susceptibility measurements done as field-sweeping runs from 0.04 T to ±0.3 T after FC via the equilibrium SkX phase as described by the pink arrow (see Fig. 3(c) ). 
Identification of equilibrium SkX state
The equilibrium skyrmion crystal (SkX) state was identified by SANS and ac susceptibility measurements in the field-sweeping process at 390 K after zero-field cooling (ZFC) (Fig. S2) . As shown in the SANS images of Fig. S2(b T, where the ac susceptibility shows a dip (Fig. S2(c) ). Above 0.06 T, the triangular-lattice
SkX state changes to a conical state, in which the q-vector is parallel to the magnetic field, and no Bragg spot is observed in the present SANS configuration. Similar field-sweeping measurements for ac susceptibility were performed at different temperatures, and the phase boundaries of the equilibrium SkX state on T -H plane was determined (Fig. 1(b) in the main text).
ZFC process in the SANS measurement
The temperature variation of the SANS images in a ZFC process from 420 K to 300 K is shown in Fig. S3(b) . The helical multi-domain state with 2 stronger vertical spots and 2 weaker horizontal spots was observed down to 300 K. These SANS images are compared with those in the zero-field warming process after the field cooling (FC) via the equilibrium SkX phase displayed in Fig. S3(c) . The relative intensities of the 2 horizontal spots to those of the 2 vertical spots are clearly distinct between these two processes, indicating that the metastable SkX state survives in zero magnetic field above room temperature. This point is further discussed in terms of the rocking curve analysis.
Field-sweeping processes in the SANS measurement
The field variations of SANS images at 300 K after a FC at 0.04 T are shown in Fig.   S4 (b). In the positive field direction, the 6-spot pattern originating from the triangularlattice SkX persists up to 0.14 T. In the negative field direction, the intensities of the 4 side spots become weaker, and instead the intensities of the 2 vertical spots become slightly stronger; consequently the total SANS pattern changes gradually to a 4-spot pattern with broad side spots. This variation of the SANS pattern indicates the gradual transformation of the SkX from the triangular lattice to a square-like lattice with a broad region of coexistence.
Further sweeping the field in the negative direction, the metastable SkX changes to a conical state and no Bragg spot is observed at −0.14 T. The SANS intensities originating from the metastable SkX state in these processes are plotted in Fig warming process after the FC process arise not from a helical state but from a coexistence of a square-like lattice SkX and the original triangular-lattice SkX. In the field sweeping to negative fields after the FC (light blue square symbols in Fig. S5(d) ), the peak structure of the rocking curves is preserved down to −0.04 T. These are also different from the valleyshaped rocking curves in the field sweeping after the ZFC process (orange circle symbols), demonstrating the survival of the metastable SkX down to negative fields.
Returning processes in the SANS measurement Figure S6 (b) shows the temperature and field variation of the SANS images in the returning process (yellow arrow in Fig. S6(a) ) after the FC to 300 K and the subsequent field sweeping to zero field. When the magnetic field is returned to 0.04 T at 300 K, the broad 4-spot pattern (coexistence of a triangular-lattice SkX and a square-like lattice SkX) persists. With increasing the temperature while keeping the magnetic field at 0.04 T, the broad 4-spot pattern remains up to higher temperatures and finally changes to a broad 6-spot pattern (disordered triangular-lattice SkX) at 375 K. It is noted that 375 K is well below the temperature range of the equilibrium SkX phase (384 K ≤ T ≤ 396 K) as confirmed by the field sweeping at 375 K after a ZFC, in which no trace of SkX states was observed (Fig.   S6(c) ). Therefore, the metastable SkX shows a reversible structural transition between a triangular lattice and a square-like lattice with a broad coexistence region and a large hysteresis in the above temperature and field sweeping procedures after the FC. This provides unambiguous evidence that the metastable skyrmions survive at 300 K and zero field. The data for the field sweeping from 0.04 T to −0.08 T after the FC is displayed with light blue square symbols. The data for the field sweepings from 0 T to 0.04 T and to −0.08 T after the ZFC are shown with orange circle symbols.
